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TECHNICAL SUMMARY

An impor tant initial task in the time domain analy sis of

observed y ield bias at NTS is the determination of a rel iable

seismic source function of underground nuclear explosions .

This function needs to be appropriate for local , reg ional , and

teleseismic observational d is tances .  Given such a source des-

cription we may then proceed to separate the e f f e c t s  of anelast ic

dissipation , commonly characterized by the parameter  t* (the

rat io of observed t ravel- t ime to apparent a t tenuat ion) , receiver

s t ructure , and crustal  s t ruc ture  in the near -source  environment .

Without an adequate source pa ramete r i za t ion , the source character-

ist ics and those propagational fac tors  wi l l  be hopelessl y inter-

twined .

This technical  report discusses the determinat ion of an

accurate source description for Joruin and the results are extended

to the teleseismic observations of Handley . This source function

has then been used to es t imate  local crustal  s t ruc ture  and indi-

cate important areas of further study and geophysical exploration ,

and , finally to help examine amp li tude and apparen t y ie ld vari-

ations in the Pahute Mesa area of the Nevada Test Site.

The basic  data set used to mode l the source were the strong

motion seismograms collected by Peppin (1964) . These seismograms

were recorded at about 8 ki lometers  from the test  s i tes . This

dis tance is far  enough removed tha t the influence of highl y non-

L~ ~~~~~~~~~~~~ ~~~_~~~~~~~~ •
- 

- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

_ 
- 

-~~~ -~~~~~__~~~~~~~~~~~~~



-~ - .-~ -—- -~ 
~~~~~~~. . _ ~~~~~

—=~~~-.—-- —--— ———- - -

9

linear near - f ie ld  e f f ec t s  such as spall and minor movement along

f rac tures  do not dominate the record but yet  close enoug h that

clear signals were recorded . Moreover , at this distance the

initial seismic energy represents diving rays and hence is suit-

able for comparison with more distant regional and teleseismic

observations . Using a modif ied Von Seggern and Bl andf ord ( 1972)

source represen tation , and including near-field terms , it has

been possible to ob tain source func tion s wh ich not onl y accurately

model close-in records but also match teleseismic observations .

Having once defined the explo sion source descr ip tion , it is a

straightforward task to determine the effective t~ for  te lese ismic

observations without the usual ambiguity of what are the source

influences as opposed to the anelastic effects. For WWSSN shor t

period observa tions of these events , we ob tain an average t~ of

about 1.3 for compressional waves with a scatter of about ~0.2.

There are systematic azimuthal trends in the observed t* values

which are not strongly correlated with the Silent Canyon caldera

but may be correlated with part  of the central Rocky Mountains .

It is not possible at this  t ime to rule out sys temat ic  receiver

func t ion  biases as the cause of the amp litude variations . A

principal , a l though for  presen t purpose s no t cr it ical , limi tation

on the source funct ion determination made in this study is the

uncertaint ies  in the precise crustal  s t ructure  and seismolog ical

properties along the 8 km paths between the events and the  strong

motion s i tes .  Since these uncer ta in t ies  d i rec t ly  af.fect the 

- _ _ _

- - -~~~~~
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~e~ olved source funct ion (as described in detai l  wi th in  th i s  repor t ) ,

this structure needs to be more precisely def ined in our eff or ts

to reduce the observec. yield variations at NTS .

F 

‘ 
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INTRO DUCT ION

In recent years , there have been a number of attempts at

comparing local strong motion data with teleseismi c observa-

tions . In the case of explosions , investigators have examined

the frequency content of short period P waves to measure atten-

uation (for example , Fraiser and Filson , 1972). They estimate

t* to be about ( . 5 )  where = (Travel time of compressional

( c i)  wave /Qcz) . If t~ is known along some ray path , then a

convolution operator A(r ,t*) can be constructed to correct

a seismic pulse for attenuation [Carper ter et al. (1967)].

In the case of earthquake data , occasionally both long

and short period P and S waves at teleseismic distances and

well-recorded local S waves are available. The long period

pulses are easily modeled syntheticall y, see , for examp le , J3ur-

dick and Meliman (1976) . Their results for the Borrego Moun-

tain earthquake indicate that the direct P wave actually con-

tains P. pP and sP , with the latter ph~ise dominating . Modeling

the phases sP and sS , Burdick (1978) estimated t~ to be 5.2 .

Heaton and Helrnberger (1977) modeled the strong rn~ tion data

and found that Burdick ’s teleseismic description of Borrego

was compatible with the local observations .

In general , comparing seismic pulses at various locations

produced by earthquakes with the intent of determining Q is

par ticularly difficult because of source finiteness and associ-

ated directivity effects. The complex radiation pattern associ-

ated with earthquakes introduces large uncertainties in corn-

paring waveforms from various stations . With the goal of

_________________________
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avoiding this problem , we have reworked some of the best data

available by comparing observations made near large nuclear

exp losions with teleseismic measurements of short and long

period P waves.

~~~~~~~~ —
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NEAR FIELD STUDIES

The megaton events considered in this study were located

on the Pahute Mesa of the Nevada Test Site , (NTS), see Figure 1.

The near f ie ld  da ta descr ibed by Pepp in (1974) , was recorded

at several azimuth.~ at a distance of 8 km. The local data

represent a reversed profile with Jorurn shooting west and

Handley towards the east. Complete recordings made at this

d istance are general ly easier to obtain since the violent

motions associa ted with some very near f ield phenomena are

absent . The results for the Jorum experiment are given in

Figure 2; however , the reverse Handley experiment was not as

successful. The records are similar to those in Figure 2 , hut

are slightly cl ipped on the first down swing , see Peppin (1974) .

The energy in the first arrivals at stations 4, 5 , and 6 ,

Figure 2 , is concentrated on the vertical component , but , as

time progresses , shifts to the radial. Also , note that many

of the later arrivals are not particularly coherent from site

to site , as can be seen by compar ing any individual trace with

the average sta ck shown on the bo ttom of Figure 2. These

observed features can be explained by an initial downgoirig P

wave , with an incidence angle at the stations of about 300

yielding a radial  to ver t ica l  ra t io  of about .4 .  The la ter

arrivals travel in the slower surface layers . These la ter

arr ivals probab ly contain abundant information about the source-

surface interaction , slap down , tec tonic relea se , slippage

along crack s , and other comp lex phenomena. We will concentrate

~~~~~~~~~. ~.- - -~~
. 
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the accelerograms displayed in Figure 2. 
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our efforts in this paper on the first-cycle of motion which
S

we interpret  as representat ive of the dominant out-going

si gnals .  For modeling purposes , it is convenient to work with

the integral of these acceleration measurements as displayed in

Fi gure 3. We have not removed the linear d r i f t  that  occur s in

this  operation because we wil l  only work with the first cycle .

Fur thermore , the instruments are sufficiently broad-band that

the initial velocity pulse can be treated as the true ground

motion [McEvilly (personal communicat ion)]  - Thus , the first

second of the average vertical velocity component along with

the corresponding teleseismic observations , Fi gure 4 , wil l  be

our prime data se t for de termining t~~.

~~~~~ - • 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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NEAR FIELD MODELING TECHNIQUES

The techn iques for modeling telescismic explosion wave-

forms have been discussed at length by numerous authors with

one of the latest  expositions g iven by Burdick and Heimberger

(1979). Assuming an elastic layered ear th  wi th  t* = 1, they

find that large overshoots of at least 2 to 1 in the reduced

disp lacement potential , RDP , will  exp lain most of the short and

long period observations of both the Soviet and U.S. explosions .

The Burdick and Helmberger study used the RDP prop osed by Von

Seggern and Blandford (1972) expre ssed by

~ (t) = 
~~(°‘) [i 

- e~~
t(1 + Kt - B(Kt)2) ( 1)

where p (~’) is the source s t r eng th , ~( scales inversely as cube

root of the y ield , and B is the overshoot constant. With

B ~ 2 the data is well modeled without adding a slapdown pha se

or rela ted phenomena. It should be noted that , since we are

t reat ing the phase pP as an e las t ic  interaction , the comb ined

radia t ion of P plus pP is a s imple pa ramete r i za t ion  and t h a t

any comb ination of RDP ’ s with  a non -e l a s t i c  r e f l ec t i on  of p 1

which yields an equivalent overshoot behavior w i l l  be acceptable

in f i tt i n g  the teleseisrnic da ta .

The disp lacement potential is given by

• •( R , t )  = -I~(t) / R  (2)
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and the displacement by

D(R , t) = ~p( t) / R 2 
+ (l/Rct) (dip(t)/dt) , (3)

where R is the radial distance and a is the velocity . In terms

of generalized ray theory , the vertical disp lacement for a

• layered earth becomes

D(r , z , t)  = - (d~ /dt  * dS/d t) (4)

where the step response of the model is given by

S( t) = ~~. 1 * ~ raYsj (5)

see Heimberger and Harkrider (1972). The velocity component

can be wri tten as

V( t ) = - (d~p/ dt * dS/d t) (6)

= - (d 2
~~/dt 2 

* dS/ d t) (7)

- (d 3
~ /d t 3 

* S) (8)

- ~~ (d~ p / d t2 * S) (9)

Mathematicall y (6) throug h (9) are equ ivalent , but.nuinerically

—
~~~~~~~
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and geophysical ly  the order of operations can e f fec t  the r e su l t s .

At teleseismic dis tances , the delta response of the earth , dS/dt ,

is reasonabl y well known and thus , expression (6) is commonly

used . For this rea son , one does not worry about the fact that

(d 2
~p/ d t 2 ) of the expression (1) is i l l—behaved . In our present

si tuation , we do not know the local structure at Jorum particu-

larly well and , consequently , our knowled ge of S( t) at the shor t

periods is lacking and the operation (dS/dt) should be avoided .

We can accomplish this by demanding more of ~~~t)  or by add ing

another term in the original Haskell (1967) description ,

namely ,

~~(t) 
= ~e~~

t(l + (Kt) +

- B(I<t)~~)~ (10)

and applying (9) in modeling the velocity pulse displayed in

Figur e 3. To compute S ( t )  we need to have an accurate layered

model of the source region , which we consider next . 

_ _
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LOCAL CRUSTAL MODEL

A de tailed velocity model of the Silent Cany on Calder a and

Pahute Mesa would be rather complex. With increasing depth ,

the lithologic units grade from bedded and ash flow tuffs to

interbedded tuffs and lava flows to lavas and intrusives with

intermediate composition [Orkild and others (1969)] . We have

attempted to represent this complex with a four layer model ,

Figure 5. The surficial layer is an average velocity from an

acoustic log obtained in a shallow borehole in the Oak-Spring

tuff at the NTS [Keller (1960)1. The depth to the bottom of

this unit cx iricides with the position of the static water table

[Springer and Kinnarnan (1971)1. The velocities of the next

two units (3.4 and 3.8 km/sec) are consistent with both a

decrease in the tuff content with increasing depth and the

report by Spence (1974) of an average caldera velocity of 3.6 km/

sec. Final ly, the velocity of the half space is intermediate

between the velocity of the pre-Cenozoic rocks that surround

• Pahute Mesa and the lavas and intrusions comprising the lower

sections of the caldera [Spence (1974), Diment and other (1960)1.

Depth to the top of this layer is approximately located from

geolog ic sections constructed from borehole data [Orkild and

others  (1969) ] .

.-
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Figure 5 : Crus tal models con struc ted for the Pahu te Me sa

test site. The hard top model referred to in the text

assumes that 131 
= 

~2 1.2 km/sec., i.e. no change in

shear veloci ty  above a depth of 1.5 km. 
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MODELING THE STRONG MOTION RECORD S

Synthe tic veloc ity waveforms based on the above model

for a range of distances are presented in Figure 6. A

slightly smoothed (dS/dt) is included to display the roughness

of the respon se caused by the layering . Note that the phase

pP , which becomes a strong feature beyond about 5 km , inter-

acts  wi th  the overshoot f ea tu re  of the source.  In these syn-

thetics we have included only generalized rays that arrive

within the first second of motion . In Figure 7 we compare

various assumed K and B values with the observed vertical

waveshape in overlay form . Most of these fits could be con-

sidered adequate except , perhaps , f or (B = 2 , K = 4), which

is somewhat too broad. It should be noted that the ratio of

radial to vertical motions shown in Figure 6 is about .45 ,

whereas the average for the data is somewhat lower , with con-

siderable variation for the individual recordings , see Figure 3.

Also , note that when the downswing is particularly large ,

station 6 on Figure 3 , we obtain a relatively low ratio of

radial to vertical motion . Thus , to gain some insight , we ran

several additional models with the results displayed in the left

two columns of Figure 8. Since the radial shapes were quite

similar to the verticals , we have p lotted only the ve:~~ica1

component and the amplitude ratio. First , we note that increas-

ing the shear veloci ty in the surface layer (hard top) greatly

affects the ratio as well as changes the strength of pP. When

the su r face  is soft (low shear velocity) we obtain a strong pP

_ _ _ _  • •~~~ 1I ~~~~~~~~~~~~~ -~~-~~~ ----~ .- — —— •~~~ • —~~~--
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Fi gure 6: Vertical and radial Green ’s functions and velocity

responses assuming (K = 5, B = 2) for the l ay e r e d  model

g iv en in Fi gure  5 .
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(shown in Fi gure 3) for

various values of the K and B parameters .
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Figure 8: Green ’s functions and synthetic velocity responses

for (K = 5 , B 2), ass um i n g the layered model and smooth

gradient model with the hard top.
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because of the weak conversion to pS and , secondly, a soft

sur face  has a strong e f f ec t  on the receiver func t ion . Thus ,

a strong pP is compatible with a small ratio of radial to

ver t ica l  and it appears that  Fi gure 3 can be in terpre ted  in

this fashion . Another interesting feature that is common to

• the waveshapes in Figure 3 is a relatively broader upswing on

the radia l  r e l a t ive  to vertical components. This feature is

not particularly importan t to our objective , but we have pro-

duced models that give this effect by including a thin soft

layer at the surface and including rays that convert from P

to SV near the receiver . The radial component is strongly

affected by these types of conversions , whereas the vertical

component is rather insensitive .

To test the sensitivity of our synthetics to the choice

of model par ameters , Gre en ’s functions for a second velocity

model were also computed. The new model replaces the lower

three layers with a linear gradient , Figure 5. The computed

Gre en ’s func t i ons  are shown in the right side of Figure 8.

Al though the shapes of the new response functions are slightl y

different , the convolution with the longer period source func-

tion produces waveforms and amplitude ratios that are very

comparable with the discrete model.

A problem that might affect our results would be the

presence of thin high veloc it y layers above the source . Such

a structure could produce tunnelling effects and strong ly

reduce the shor ter  period ampl i tudes . For tuna te l y , ’ a t  A 8 km 

:_
~--~~ •- 

. 

• 

~i
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- i  
the turning velocity approaches 3.8 km/sec and this velocity

should be sufficiently high to avoid that problem (see ?~ellnian

and Helinberger , 1974) . If significant high velocity layer s

are actually present above the source , then the source strength

would be underestimated and the teleseismic t* would be slightl y

overestimated.

In conclu sion , the crustal model below the shot point

down to about 4 km controls the amplitude of the synthetic: .

The delay time of pP is consistent with the model given in

Figure 5. A smooth gradient model gives about the same

results. Thus , we can determine 4j
0

(K ,B) by simp ly scaling

the synthetic given in Figure 7 to the observed waveform s .

As suming (K = 5 ) ,  we ob t a in :  ~~ (5 , l) 3.1 , ‘~~(5 ,~~) 
= 1.7 ,

and ~~ (5 ,3) = 1.2 all times lo ll cm 3 . Next , we w i l l  compare

the teleseismic waveshapes and amplitudes wit h th ..se local

field results.

_ _ _ _ _ _ _-
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TLELSEISNIC RESULTS: t*

The amplitudes of the teleseismie observations , Table 1,

show considerable variation . The observed amplitudes vary

• smoothly with azimuth , Figure 9.  The station geometry imposes

a strong correla tion be tween azimu th and distance and , hen ce ,

a plot of amp l i tude vs. d i s tance  would be a r e l a t i v e l y  smooth

curve where the most distant stations report the largest

amplitudes. The observed azimuthal amplitude pattern could

be the resul t  of one or all of three mechanisms : 1) strong

azimuthal radiation pattern imposed by structure in the source

• region , 2) effective amplification by the receiver structure

for the island stations in the west and northwest azimuths ,

and 3) lateral variations in t~~.

The first mechanism is easily tested by comparing the

amplitude behavior of several other events. Figure 9 shows

the amplitude data for Joruin , Creeley , ~xcar , Benh am and

Ha l fbeak .  The absolute amplitude levels for all five data

sets have been simultaneously adjusted in order to minimize

sca t te r  introduced by vary ing source s t r e n g t h . Th es e tes ts

were located throughout the Silent Canyon caldera. All five

events show a consis tent  az imuthal  t rend . Figure 10 shows

the waveforms and amplitude ratios for Jorum and Handley. The

Handley test was located a few kilometers outside of the

boundary faults associated with the caldera . Note that the

waveforms are very consistent between these two tests and

that the amplitude ratio is stable. We conclud e from these

• • _ _  • - -
— — -—- -.-—- ---—-- -— _~~__,-__-=1______ - — -‘- •— ~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table 1. Jorum Teleseismic Amp litudes

STA D i s t . ,  A AZ Amp . C . Amp .
____ 

(degrees) (degrees) (mp) (m~i) -

SCP 30.0 71 .2  823 823

OGD 32.4 70.0 745 782

COL 33 .2 336.1 1074 1142

WES 34.7 6 7 . 0  468 511
KIP 39.9 258.7 1097 1298

BEC 42.4 80.7 845 1029

NOR 54.8 10.2 182 255
KTG 56.8 23.7 594 860
AKU 59 .9  2 8 . 3  365 548
NNA 61.6 134.8 422 645

ARE 6 8 . 2  133.1 1268 2131
ESK 71 .6 33.6 228 399
AFI 72 .8 236.7 548 980

NUR 77.4 18.6 274 507

PTO 77.8 47.3 342 639

TOL 81.3 46.0 685 1352

STU 81 .7 32.9 251 491

PEL 82.1 142.6 399 799

SHK 83.9 309.1 868 1779

SEO 85 .2  314 .5 742 1521

NAT 86 .1 99 .8 548 11 51
GUA 88.6 285.9 868 1870

HNR 9 0 . 6  258 .7  914 2021
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Fi gure 10: Comparison of the observed te lese ismnic  waveforms
and amplitudes for the events Handley and Jorum .
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data that source structure is not producing the amplitude

anomaly.

The question of systematic bias introduced by receiver

structure is difficult to assess on a world wide basis at this

stage of study. Short period records can show strong azimuthal

patterns as discussed by Helmberger and ‘~i~’gins (1971) and Aki

(1973) and others . Based on the geology of rr ’mv of the island

stations , significant waveform distortion would not be toe sur-

prising . This may in part exp lain the azimuthal pattern in

Figure 9. F ’rtunatelv , the stations in the United Stares have

been well studied by Butler (1979) and the east coast ~.ta~ ions

appear remarkab lv t ransrarent . Sorne of t he vie. rd ings fr rn th4 , I C

stations for the Joru:n and Uandlcv ev~ nt are di sp l:i v&-d i i i

Figure 11. The long period ohserv:~i ions 1~re quite small on

the  ~ict ua 1 records , wh ereas  the  shor t  pe r iod  obse rv it ion ; ~re

nearl off scale. Included at the botton~ of Figure 11 are

t he h e s t - f it t i n ~’ sho r t  and long pe r iod  s y n t het i c s  we could

produce by v a r y i  n~; t~~~~~. In generatin g these res p onses we U S (~, ( t

t h e  crust ;i l mode l at  the  source  given in Figure 5 with the

v e l o c i ty  bel ow the 4.4 km/sec layer set at 5.1 km/sec. Tl-H s

is also the velocit y assumed for the receiver halfspace mode l .

Variations in K and B were not particular ly effectual in

chang ing the short period amplitudes because chan~ c4 in over-

shoot (B) effect ‘he source strength (
~~

) determination . That

is , increasin~’ the overshoot makes the short period syntherics

l - irgi r with c(nstant 
~~~~~~

, but the  source  leve l is e f f ( ’ c t i v e l L•

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 2. Synthetic Teleseismic Amplitudes

K~~5 Ampl (mp ) (SPZ/LPZ)
B~1 B-= 2 B=3 B=1 8=2 13=3

t*

• .8 3145 3162 3153 .81 .84 .84

.9 2520 2507 2529 73 .76 .76

1.0 2040 2028 2012 .70 .68 .68

1.1 1640 1643 1658 .62 .62 .63

1.2 1351 1350 1362 .56 .56 .57

1.3 1077 1084 1101 .50 .50 .51
1.4 898 902 913 .45 .46 .47
1.5 744 750 768 .41 .42 .43
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Fi gure 11: Comparison of the east coast observed

waveforms with the synthetic seismograms ,
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smaller because of a compensating scale change required to

fit the local amplitudes . Examples of these trade-offs are

listed in Tabl e 2 (K = 5 , B 1,2 ,3). These synthetic tele-

seismi c amp l i tudes , l is ted for a range of t* values , can be

compared directly with the corrected observed amplitudes in

Table 1.

The average corrected amplitude for all short period

ob servations is 1024 ~~~ This corresponds to a t * of 1.3 ,

which is signif ican tly larger than previous de termina tion .

The sys tema tic azimu thal trend in ampli tude s shown in Figure 9

can be interpreted as lateral variations in t*. If the entire

anoma ly is accounted for in this manner , then t~ varies from

about 1.5 for northeastern azimuths to 1.1 for northwestern .

The average t* of 1.3 obtained in this study is somewhat

larger than that reported by Bache , et. al . (1975). Preliminary

results from a similar study of Piledriver , using very near-

field velocity time histories , indicates a t~ of 1.3. These

results are compatible with the Jorum study . The teleseismic

source strengths , calculated from the near-field Piledriver

data are a factor of two larger than the synthetic far-field

pul se genera ted from the f in i te d i f f e r ence calcul at ions of S3

(1975) and used in the previous estimates of t*. Because of

this apparent underestimation of the source strength , the attenu-

ation required to bring the calculated amp litudes into agreement

with the data was significantly smaller . Thi s d is crepancy in source

~ 

. -.
~~ - • - 
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s t rength  exactl y accounts for  the t* of 1.05 found by Bache ,

et. al. (1975).

With the present data set it is impossible to uniquely

differentiate real lateral variation in t* from app aren t

variations introduced by systematic bias in receiver struc-

tures. In a recent study by Butler (1979) of amplitudes

observed at WWSSN stations in the United States from Soviet

nuclear tests , it was found that east coast stations do not

show anomalously small amplitudes . However , the stations

ALQ and GOL are depressed in ampl i tude  by a f a c t o r  of 2 to 3.

The same study found a similar result from earthquake sources

in the Kuriles. These observations suggest as a hypothesis

that the upper mantle along the ray paths near the stations

ALQ and GOL is typified by low Q. Figure 12 is a gnomic

projection showing the Soviet test sites and the U.S. WWSSN

stations . Dashed lines from stations ALQ and GOL show the

ray paths that are attenuated. Also shown on this figure is

the range of azimuths from NTS that have been characterized

in this study by low amplitudes and large t* (—1 .5). It is

very intri gul ig that the two studies are at least consistent

with a low Q region in the upper mantle beneath the central

Rocky Mountains . This model is clearly not unique and addi-

tiona l studies of the azimuthal receiver function character-

istics of world wide stations wil • l be re quired to mor e fu l ly

understand the origin of the azimuthal amplitude anomaiy

observed at the NTS .
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Fi gure 12: A gnomic projection (all great circles are straight

lines) showing the NTS , WWSSN stations of the United States ,

and the Soviet Union test sites. Butler ( 1979 ) has obse rved
a large seismic attenuation at the stations C (’ , and ALQ ,

rela tive to other U.S. stations from sources in both the

Soviet Union and the Kuriles (dotted azimuths) . World

wide Station s in a northeast azimuth from NTS are signifi-

can tly reduced in amplitudes relative to other azimuths.
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